ABSTRACT Sum-frequency vibrational spectroscopy (SFVS) is used to measure the intrinsic rate of lipid flip-flop for 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and 1,2-distearoyl-snglycero-3-phosphocholine (DSPC) in planar-supported lipid bilayers (PSs). Asymmetric PSLBs were prepared using the Langmuir-Blodgett/Langmuir-Schaefer method by placing a perdeuterated lipid analog in one leaflet of the PSLB. SFVS was used to directly measure the asymmetric distribution of the native lipid within the membrane by measuring the decay in the CH 3 v s intensity at 2875 cm ÿ1 with time and as a function of temperature. An average activation energy of 220 kJ/mol for the translocation of DMPC, DPPC, and DSPC was determined. A decrease in alkyl chain length resulted in a substantial increase in the rate of flipflop manifested as an increase in the Arrhenius preexponential factor. The effect of lipid labeling was investigated by measuring the exchange of 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-n,n-Dimethyl-n-(29,29,69,69-tetramethyl-49-piperidyl) (TEMPO-DPPC). The rate of TEMPO-DPPC flip-flop was an order-of-magnitude slower compared to DPPC. An activation energy of 79 kJ/ mol was measured which is comparable to that previously measured by electron spin resonance. The results of this study illustrate how SFVS can be used to directly measure lipid flip-flop without the need for a fluorescent or spin-labeled lipid probe, which can significantly alter the rate of lipid translocation.
INTRODUCTION
A central issue in molecular biology is the movement of lipids across the cellular membrane, otherwise known as lipid flip-flop or translocation. The translocation of lipids is involved in cell apoptosis, the viral infection of living cells, and the functioning of antibiotics, antiseptics, and drugs. As the biogenesis of lipid occurs on the cytosolic side of the membrane, the outer membrane must also be continually supplied with new lipid species by lipid translocation if cell growth is not to be hindered. There is a growing body of evidence that the exchange of lipids between the inner and outer leaflets of cellular membranes occurs by a proteinmediated process (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . The measured transport of lipids in the endoplasmic reticulum (ER) is fast, with half-lives on the order of minutes (2, 3, (12) (13) (14) (15) (16) . Studies of lipid flip-flop using reconstituted membrane lipids and proteins of the ER have shown facile exchange of lipids under physiological conditions. The exchange was found to be independent of the glycerolphospholipid headgroup identity and is independent of ATP, suggesting that active transport is not required (2, 13, (15) (16) . There have also been a number of studies performed on reconstituted bacterial cytoplasmic membranes, showing similar behavior (17, 18) . In contrast to lipid transport in the ER, the movement of lipids in the plasma membrane of eukaryotic cells appears to be dependent upon some stimulus, and has been suggested to be headgroupselective and possibly unidirectional (6, (19) (20) (21) . These observations have been driven in large part by the observation of highly asymmetric lipid compositions in the inner and outer leaflets of the plasma membrane. Several putative protein flipases or flopases have been identified, which might be responsible for lipid migration (1, 16, 20, 22) .
Studies on protein-free liposome model membrane systems using fluorescent or spin-labeled phospholipids have suggested a slow rate of migration, on the order of hours to days (8, (23) (24) (25) . These studies demonstrate that the transbilayer movement of lipids is possible in the absence of proteinmediated processes, but is usually too slow to be of biological importance. An activation barrier of ;81 kJ/mol has been calculated for a TEMPO-labeled phosphatidylethanolamine lipid in an egg phosphatidylcholine matrix by electron spin resonance (ESR) (24) . The value measured from this study has been used repeatedly to justify the absence of free lipid migration. However, these studies only detected the movement of a labeled lipid, which contained significant chemical and structural differences compared to the native lipid species found in biological membranes.
The model membrane systems used to study lipid migration have predominately focused on lipid vesicles or liposomes (1, 8, 9, 16, 24, (26) (27) (28) (29) (30) . These solution-phase analogs of cell membranes are composed of a single spherical lipid bilayer with dimensions usually on the order of tens of nanometers to several microns. The most widely used analytical tools for investigating lipid flip-flop in these systems have been ESR and fluorescence spectroscopy. ESR and fluorescence require the use of spin-labeled analogs of naturally occurring lipids (usually a nitroxide radical group such as TEMPO) (24, 25, (31) (32) (33) (34) (35) (36) , or fluorescently-labeled lipid species (4, 9, 20, 25, 29, (37) (38) (39) (40) (41) (42) (43) (44) . The direct measurement of lipid translocation with ESR or fluorescence, however, is not possible due to the inability to determine the location (inner or outer leaflet) of the lipid probe in the membrane. For this reason, chemical modification or extraction of the lipids on the exterior of the liposome is required to produce an asymmetric distribution of lipids in the bilayer (4, 29, 45) .
In addition to solution-phase model systems, planarsupported lipid bilayers (PSLBs) have been used extensively to study a variety of membrane processes including protein insertion/binding, structure, dynamics, and fluidity (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) . Many methods for preparing supported lipid bilayers have been discussed in the literature. PSLBs are typically prepared by two distinct methods, either by the Langmuir-Blodgett/ Langmuir-Schaefer (LB/LS) technique (46, 55, 57, 58) or vesicle spreading (56, (58) (59) (60) (61) . Vesicle spreading utilizes solution-phase liposomes which are fused to a solid support, typically a glass or fused silica substrate, resulting in the formation of a uniform bilayer-coated surface. Vesicle fusion, however, does not allow for control over the composition of the bilayer, in terms of the lipids present in the top or bottom leaflets or the lateral packing density. In contrast to vesicle fusion method, the LB/LS method can be used to prepare bilayer assemblies with a great amount of control of the lipid composition and structural arrangement of the bilayer. This key feature of LB/LS method allows asymmetric lipid assemblies to be created, which is extremely advantageous when examining lipid translocation.
One concern which is often voiced when PSLBs are used in membrane studies is the influence of the substrate on the membrane properties. Fluorescence recovery after photobleaching studies have shown that membrane fluidity in the upper and bottom leaflets of PSLBs on a silica surface are identical, within error according to the work of Wagner and Tamm (62) , suggesting that there is no strong coupling of the bilayer to the substrate. In addition, the efficacy of these model membrane systems has been well established by a number of researchers (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) .
To complement the ESR and fluorescence techniques discussed above, we have introduced a new method for directly measuring lipid transbilayer migration. The method uses the nonlinear spectroscopic technique of sum-frequency vibrational spectroscopy (SFVS) to directly measure the population inversion of lipids in a PSLB (63) . SFVS is a coherent nonlinear optical vibrational spectroscopy. The coherent nature of SFVS makes the technique ideal for studying the asymmetry in a lipid bilayer, something which is not possible with linear spectroscopic methods including ESR, infrared (IR), and fluorescence. The theoretical foundations of SFVS have been well established in the literature and will not be thoroughly discussed here (64) . SFVS is a second-order nonlinear optical spectroscopy, which has the chemical selectivity of IR and Raman and is inherently surface-specific in nature. Experimentally, SFVS is performed by overlapping, both spatially and temporally, a visible and tunable IR laser source on a surface where they combine to produce a third photon at the sum of their respective frequencies. The symmetry constraints on SFVS restrict this process to the interface, where the inversion symmetry of the bulk phases is broken, making the technique surface-specific (64) . The intensity of the SFVS signal, I SF , is given by
where x (2) is the second-order nonlinear susceptibility tensor, andf SF , f vis , and f ir are the geometric Fresnel coefficients describing the local electric field intensities for the sum, visible, and IR beams, respectively (65, 66) .
The nonlinear susceptibility tensor, x (2) , is the sum of a resonant (R) and nonresonant (NR) contribution given by
with the resonant contribution defined as
where N is the number of molecules, m is the number of vibrational transition, A k is the IR transition probability, M ij is the Raman transition probability, v ir is the frequency of the input IR field, v n is the normal mode vibrational frequency of the transition being probed, and G n is the linewidth of the transition. For a transition to be observed by SFVS, it must be both IR-and Raman-active. A sum-frequency spectrum is obtained by tuning the IR frequency through the vibrational resonance of the molecules comprising the interface and measuring the intensity of the resulting SF light. For the studies presented here, the C-H vibrational modes between 2800 cm ÿ1 and 3000 cm ÿ1 of the fatty acid chains of the lipids are examined.
The symmetry constraints imposed on SFVS, through the x (2) tensor (64), also provide a highly sensitive method for determining the asymmetry in lipid bilayers. Since SFVS is a coherent vibrational spectroscopy, the arrangement of the transition moments of the molecules comprising the interface has a dramatic effect on the measured response. Take, for example, the symmetric stretch (v s ) of the terminal CH 3 groups on the lipid fatty acid chains of a typical phospholipid. The transition dipole moment lies along the C-C bond, as illustrated in Fig. 1 . If another lipid chain is placed antiparallel to the first, in an arrangement found in a typical lipid bilayer, the sum of the two transitions will cancel each other due to the their opposing phases. The result is that no SFVS response will be observed from such an assembly.
As with IR spectroscopy, the components of a vibrational transition parallel or perpendicular to the surface can be examined by the proper polarization choice of the incident electric fields. For SFVS, transitions parallel to the surface normal are probed with the polarization combination of s-polarized sum-frequency, s-polarized visible, and p-polarized IR (ssp), whereas transitions perpendicular to the surface normal are measured with the s-polarized sum-frequency, p-polarized visible, and s-polarized IR (sps) polarization combination. As we are interested in probing the asymmetry between the two leaflets of the lipid bilayer, the ssp polarization combination is used in this study.
For a lipid bilayer composed of identical lipids in the inner and outer leaflets, near-complete destructive interference of the vibrational resonances arising from the fatty acid chains of the lipids is observed due to their antiparallel orientation. By creating an artificially asymmetric structure in which a lipid monolayer is placed in contact with a deuterated lipid monolayer, changes in the membrane lipid composition due to exchange between leaflets can be followed directly by measuring the changes in the vibrational signatures of the alkyl chains with time. This methodology does not require the use of fluorescent or spin-labeled probes and the use of chemical agents to selectively destroy the population of probes on the outer membrane surface. In the study presented here, the dynamics of lipid flip-flop for three lipid species, 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) in PSLBs are examined. The temperature dependence of flip-flop is measured and the activation free energy for native lipid translocation is calculated. These results are compared with the energetics of flip-flop for a TEMPO-labeled lipid to investigate the influence of headgroup modification on lipid migration.
EXPERIMENTAL Materials
D 2 O (99.9%) was purchased from Cambridge Isotope Laboratories (Andover, MA) and used without any further purification. GC grade CHCl 3 was supplied from Mallinckrodt (Mallinckrodt Baker Bioscience, Phillipsburg, NJ). 1,2-dimyristoyl-D54-sn-glycero-3-phosphocholine-1,1,2, 2-D4-n,n,n-trimethyl-D9 (DMPC-d 67 ), 1,2-dipalmitoyl-D62-sn-glycero-3-phosphocholine-1,1,2,2-D4-n,n,n-trimethyl-D9 (DPPC-d 75 ), 1,2-distearoyl-D70-sn-glycerol-3-phosphocholine-1,1,2,2-D4-n,n,n-trimethyl-D9 (DSPC-d 83 ), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-n,n-Dimethyl-n-(29,29,69,69-tetramethyl-49-piperidyl) (TEMPO-DPPC), and the ammonium salt of 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-DPPE) were purchased from Avanti Polar Lipids (Alabaster, AL) as either lyophilized powders or in CHCl 3 , and were used without any further purification. All water used in this study was purified by a Nanopure Infinity Ultrapure water system (Barnstead/Thermolyne, Dubuque, IA) with a minimum resistivity of 18.2 MV-cm. The substrates used in the study were hemicylindrical fused silica prisms (Almaz Optics, Marlton, NJ).
Lipid monolayer and bilayer preparation
The LB/LS technique was used to prepare the PSLBs. A 1 mg/ml solution of lipid in CHCl 3 was spread at the air/water interface of a Langmuir-Blodgett trough (KSV Instruments, Helsinki, Finland). The first layer was deposited on the substrate via a vertical pull from the aqueous subphase into air. The second layer was deposited on the flat surface of the prism by a horizontal dipping method. The lipid bilayers were maintained in an aqueous environment after deposition. All film transfers were carried out at a surface pressure of 30 mN/m at 22°C (DMPC bilayers were prepared in a cold room at 5°C), corresponding to 42 6 1.1 Å 2 /molecule, 44 6 1.5 Å 2 /molecule, and 46 6 1.3 Å 2 /molecule for DMPC, DPPC, and DSPC, respectively. Asymmetric bilayers were prepared by first depositing a monolayer of the native lipid species followed by the deposition of the perdeuterated analog. Inverted films were prepared by reversing the order of deposition. The samples were transferred to a Teflon flow cell equipped with a type K thermocouple with an accuracy of 0.2°C and a circulating water-jacket for temperature control. The prism and cell were cleaned by submerging them in a solution of 70% 18M sulfuric acid and 30% H 2 O 2 for at least 4 h, and then rinsed with copious amounts of Nanopure water (Barnstead/Thermolyne). The prism was then plasma-cleaned for 3 min just prior to use.
SFVS experiments
The SFVS experiments were conducted on a custom-made spectrometer consisting of a tunable IR light source with an optical parametric oscillator (OPO)/optical parametric amplifier (OPA) from LaserVision (Bellevue, WA). The OPO/OPA was pumped with the fundamental output of a Q-switched Nd:YAG laser (Continuum Surelite II, Excel TechnologyContinuum Lasers, Santa Clara, CA) generating 1064-nm light at 10 Hz with a pulse duration of 7 ns and an energy of 500 mJ/pulse. Frequency calibration of the OPO was performed using a polystyrene sample. The remainder of the 1064-nm fundamental was frequency-doubled in a potassium titanyl phosphate crystal to generate visible 532-nm light. The IR and 532-nm beams were each collimated to a beam area of ;4 mm 2 and combined on the silica/D 2 O interface with incident angles of 72°and 66°, respectively. The IR and visible power intensities used were ;3 mJ/pulse. The sum-frequency signal was filtered with a holographic notch filter (Kaiser Optical, Ann Arbor, MI) and several color filters to remove the residual 532-nm light and then detected with a photomultiplier tube. The signal from the photomultiplier tube was collected with a boxcar integrator (Stanford Research Systems, Sunnyvale, CA). SFVS spectra were obtained by recording the intensity of the sum-frequency response from the surface as a function of the IR frequency. Spectra were acquired at 2 cm ÿ1 increments by averaging 100 laser pulses. The kinetic data were obtained by continuously monitoring the CH 3 v s intensity at 2875 cm ÿ1 . The intensity was averaged for 5-s intervals (50 laser pulses). No additional data processing was performed. 
Fluorescence measurements
Fluorescence of the lipid films were collected on an Olympus Bx40 microscope (Olympus, Melville, NY) using a 203 0.35-NA-long workingdistance objective. The sample was excited with a frequency-doubled Nd:YAG laser at 532 nm. The illuminated area was ;0.5 cm 2 . Fluorescence micrographs of the lipid films were collected on an Olympus Bx40 microscope with epi-illumination using a 203 0.35 NA objective.
RESULTS AND DISCUSSION
The integrity of the PSLBs used in this study was verified by both fluorescence microscopy and contact-angle measurements (67) . The bilayers were found to be uniform within the resolution of the fluorescence microscope (;1 mm); this, however, does not preclude the possibility of defects smaller than the diffraction limit. Contact-angle measurements revealed a hydrophilic surface consistent with a bilayer structure in which the phosphocholine headgroups are facing outward toward the water phase (67) . We have previously examined the SFVS spectra of selectively deuterated DSPC lipids to determine the orientation of the fatty acid lipids chains and phosphocholine headgroup of a PSLB prepared by the LB/LS method (67) . Analysis of the vibrational spectra suggests that there is no substantial difference in the structure of the lipids comprising the two leaflets of the bilayer.
The SFVS spectra of the asymmetric lipid bilayers were obtained to identify the vibrational resonances arising from the methyl terminus of the fatty acid chains of the lipids that were used as internal probes to monitor lipid migration. Shown in Fig. 2 are the SFVS spectra of a DMPC/DMPCd 67 , DPPC/DPPC-d 75 , and DSPC/DSPC-d 83 bilayers in the CH stretching region (2750-3050 cm ÿ1 ) recorded at 23°C for DSPC and DPPC and 5°C for DMPC. All spectra were collected with s-polarized sum-frequency, s-polarized visible, and p-polarized IR. The water in the sample cell has been replaced with D 2 O to eliminate spectral interferences. All three lipid films exhibit nearly identical spectra. (Fig. 2) . Indistinguishable spectra were collected for the inverted bilayers DMPC-d 67 Fig. 3 . The CH 3 v s intensity is seen to decrease with time and the decay rate is highly dependent upon temperature for all three of the lipids examined. As the bilayer structure reaches an equilibrium state, with 50% perdeuterated and 50% perhydrogenated lipids in both layers, the SFVS intensity reaches a minimum. This minimum intensity is the same intensity measured for a premixed 1:1 perdeuterated/perhydrogenated lipid bilayer (63), shown in Fig. 2 .
The SFVS CH 3 v s intensity is sensitive to the net population inversion of the native lipid species in the bilayer. The intensity of the CH 3 v s (I CH 3 ) can be expressed as
where N T and N B are the fraction of the perhydrogenated lipid molecules in the top and bottom leaflets of the lipid bilayer, respectively, with N T 1 N B ¼ 1. If a lipid bilayer is assembled such that perdeuterated lipids comprise the bottom leaflet and perhydrogenated lipids are placed in the top leaflet, over time the concentration of native lipids in the upper leaflet will decrease, thereby reducing the asymmetry in the bilayer and reducing the measured CH 3 v s intensity. This methodology has the advantage that the exchange of lipids can be followed using the native lipids themselves. Although it is true that the perdeuterated species have an approximate increase in mass of ;10%, this perturbation is smaller than that introduced by a fluorescence or spin-label. One added advantage of the perdeuterated lipids is that they are chemically identical to the native lipids species. Fluorescence or spin-labeling of lipids considerably alters the chemical identity, resulting in changes in the aqueous solubilities and in some cases the charge on the headgroup.
Kinetics of lipid flip-flop
The kinetics of lipid flip-flop was determined directly from the CH 3 v s intensity decay curves shown in Fig. 3 . A unimolecular process was assumed for the mechanism, as has been done in previous studies (23, 24) , which is represented by
with the forward and reverse rate constants given by k 1 and k ÿ , respectively. If, initially, N T ¼ 0 and N B ¼ 1, with N B representing the native lipid monolayer in contact with the fused silica substrate, the time-dependent change of N B is then given by
When the perdeuterated lipids were placed in either the top or bottom leaflet, identical decay rates were measured within error. This observation suggests that the kinetic rate constants k 1 and k ÿ are equal. This result also illustrates another important point, namely that the underlying substrate does not appear to be perturbing the dynamics of lipid flip-flop. By equating k 1 to k ÿ such that k 1 ¼ k ÿ ¼ k, Eq. 6 can then be reduced to
The integrated rate expression is then given by 2N B ðtÞ ÿ 1 ¼ expðÿ2ktÞ;
where 2N B ÿ 1 is the net population inversion in the bilayer. The SFVS intensity is proportional to the square of the number of molecules on the surface (N); see Eqs. 1 and 3. Since the contribution from opposing lipid molecules is negated, the time-dependent second-order hyperpolarizability, Eq. 2, can be written as
where jx R j and jx NR j are the magnitudes of the complex resonant and nonresonant surface susceptibilities with relative phase angles of u 1 and u 2 . Substitution of Eq. 9 into Eq. 1 provides an expression for the SFVS signal as a function of time, which is given by
where I R,max and I R,min are the maximum and minimum resonant CH 3 v s intensity, I NR is the nonresonant SFVS background, and u is the phase difference between u 1 and u 2 . The term I R,min accounts for the nonzero resonance response from the PSLB even after complete lipid exchange has occurred. This has been verified by examining the SFVS spectra of a premixed 1:1 DSPC-d 83 1 DSPC lipid bilayer (Fig. 2) , and is most likely due to the asymmetric nature of the interface in which one leaflet is adjacent to the SiO 2 surface and the other is in contact with D 2 O (or H 2 O). The nonresonant background (I NR ), measured independently at 3100 cm ÿ1 , which is a spectral region devoid of any C-H resonances, is insignificant and can therefore be eliminated from Eq. 10. As a result, the time-dependent CH 3 v s intensity can be simplified as I CH 3 ðtÞ ¼ I R;max e ÿ4kt 1 I R;min :
The rate of lipid flip-flop (k) was determined by fitting Eq. 11 to the CH 3 v s intensity decays using a nonlinear least-squares regression in SigmaPlot 9.0 (Systat, Point Richmond, CA), the results of which are shown in Fig. 3 . The errors in the rate were determined from the regression analysis. An extremely good correlation between the experimental data and the kinetic model described above is evident. For comparison, a number of temperature-dependent flipflop rates obtained from fitting the CH 3 v s decay measurements with Eq. 11 are summarized in Table 1 . Each value represents a single experiment, with the errors determined from the fits to the data. In addition to the kinetic rate constants, the half-life (t ½ ) of lipid flip-flop is also tabulated. The t ½ , in terms of the rate of lipid flip-flop (Eq. 8), is given by
which is based on a value of 2N B (t) ÿ 1 ¼ 0. , and 15.2 3 10 ÿ5 for DMPC, DPPC, and DSPC, respectively. It is important to note that all the data summarized in Table 1 were collected below the main phase transition (T m ) of the lipids, which are 23°C, 41°C, and 55°C for DMPC, DPPC, and DSPC, respectively (72) . Attempts to measure the rate of lipid exchange near or above T m were not possible, due to the rapid exchange of lipids at these temperatures.
The absolute rates of lipid flip-flop measured here are considerably faster than those previously recorded by McConnell for a TEMPO-labeled lipid in egg PC (24) , and for fluorescently labeled lipids in similar systems (73) . This result is also remarkable because the lipids used in this study were in the gel state below T m , whereas the lipids used in other studies were principally unsaturated and in the liquidcrystalline phase. It has, however, been suggested that the alteration of the headgroup by the addition of a chromophore or spin-label probe, such as TEMPO, might alter the rates of migration (25) . To test this hypothesis, we measured the rate of flip-flop for the spin-labeled lipid TEMPO-DPPC in a DPPC-d 75 bilayer. TEMPO-DPPC was placed only in the top leaflet at a mole fraction of 0.046 (4.6%) and the SFVS intensity decay from the CH 3 v s of the TEMPO lipids was measured as a function of time. The results from the kinetic analysis of the data are listed in Table 1 . The rate of interconversion was found to be 0.91 3 10 ÿ5 s ÿ1 at 36°C (t ½ ¼ 635 min), which is considerably slower than the value obtained from DPPC, which is 42 3 10 ÿ5 s ÿ1 (t ½ ¼ 13.7 min) at the same temperature. The value for TEMPO-DPPC flip-flop is also approximately five times slower than that measured previously by ESR, from which a rate of 5.0 3 10 ÿ5 6 1.1 3 10 ÿ5 s ÿ1 at 35°C (t ½ ¼ 116 min) was obtained (24) . The slow rate of lipid exchange measured here compared to the previous ESR experiment is most likely the result of the state of the lipid bilayer, gel versus liquid crystalline, used in the two studies. More importantly, however, the kinetic results obtained here suggest that the use of labels can significantly alter the rate of transbilayer movement by an order of magnitude or more.
It has been suggested that the large rates of lipid migration observed by SFVS might be due to desorption of the lipid film from the surface, as SFVS is not capable of distinguishing between lipid flip-flop and the reduction in total lipid content at the surface (74) . To rule out this possibility, a fluorescence control experiment was performed in which a PSLB of DPPC was prepared on the same optical substrates used for the SFVS flip-flop measurements, with the addition of 4 mol % NBD-DPPE. The samples were excited with a Nd:YAG laser, similar to that used for the SFVS experiments. The fluorescence intensity was measured as a function of time and illumination rates at 37°C just below the T m of DPPC, the results of which are shown in Fig. 4 a. (37°C is the maximum temperature for which flip-flop kinetics could be reliably measured for DPPC.) Comparison of the results for various time intervals and illumination rates reveals that the decay in the fluorescence intensity is due to photobleaching and not desorption from the surface. When the contributions due to photobleaching are eliminated, Fig. 4 b, no apparent desorption from the surface is measured. This result is consistent with previous studies on the stability of PSLBs by fluorescence microscopy, which did not show any appreciable desorption of the film until the temperature was raised much closer to the T m of the lipid (75) . These previous studies also looked at a PSLB which was prepared at a much higher surface pressure (40 mN/m) compared to the films used here (30 mN/m). As a result, the propensity for the film to desorb and form solution phase vesicles should be greatly reduced. It is also important to note that the reproducibility and extremely good signal/noise ratio of the SFVS decays also suggest that the drop in intensity is not a function of lipid desorption from the surface, which would be expected to be far less reproducible and stochastic in nature. We have also previously ruled out heating effects due to the laser on the measured rates of lipid migration (63) . When examining lipid flip-flop in model membrane systems, previous studies have focused primarily on aqueous suspensions of unilamellar vesicles composed of pure lipids (8, (23) (24) (25) or reconstituted cellular membranes (2,13,15-16). There have also been studies performed on intact cell membranes in vivo (17, 18) . When performing experiments with PSLBs, some information on the equivalent lateral pressure of a lipid monolayer and a bilayer is needed to make any meaningful correlations with the previously published data. The lateral pressure in a fluid bilayer is believed to range from 30 to 35 mN/m (76). For comparative purposes, the PSLBs used in this study were deposited at a surface pressure of 30 mN/m which provided highly reproducible depositions of DSPC, DPPC, and DMPC. The choice of the lipid surface pressure can affect the resulting dynamics of lipid flip-flop. Our initial analysis of the pressure dependence of DSPC flip-flop suggests that reduction of the lateral surface pressure during deposition by 10 mN/m results in an increase in rate of 1.3 times. If the chosen pressure of 30 mN/m is low compared to that in biological membranes, then we are overestimating the rate of lipid translocation. However, if the lateral pressure in biological membranes is ,30 mN/m, the results presented here will underestimate the dynamics of lipid exchange. Unlike liposome systems where the lateral pressure cannot be controlled without exerting significant pressure to the surrounding medium, the pressure in a PSLB is easily controlled by applying a lateral force on the film during deposition, making pressure-dependent measurements more accessible. Studies are ongoing to more fully characterize the effect of the membrane lateral pressure on the thermodynamics and kinetics of lipid translocation.
Activation energy of lipid flip-flop
There have been numerous reports in the literature on the rates of lipid migration in both model and cellular membrane systems. One of the key questions regarding the translocation of lipids which has yet to be fully addressed is: What is the energetic cost or activation barrier to the migration of lipids? For most processes governed by the thermal fluctuations or collisions of molecules, the rate will be dependent upon the activation energy and temperature as described by the Arrhenius equation (77) ,
where A is the preexponential factor, describing the frequency of events producing products, or in this case translocation of lipids; E a is the activation energy; T is the temperature; and R is the gas constant. A plot of ln(k) as a function of 1/T reveals that the translocation of DMPC, DPPC, and DSPC lipids between leaflets of a PSLB exhibits Arrhenius behavior over the temperature range examined (Fig. 5) . The activation energies and preexponential factors calculated from Fig. 5 are listed in Table 2 . Activation energies of 230 6 20, 224 6 13, and 206 6 18 kJ/mol were calculated from the data for DMPC, DPPC, and DSPC, respectively. The large activation barrier measured is presumably due to the high energetic cost of moving the hydrophilic headgroup across the hydrophobic membrane core and the energy cost associated with the reorganization of the lipid chains (1). The similarities in activation energies are a reflection of the same transition state for the migration of the hydrated phosphocholine headgroup across the hydrophobic core of the lipid bilayer. This result is not surprising, since the chemical identity of the headgroup is the same for DMPC, DPPC, and DSPC. However, these results suggest that the alkyl chain length does not significantly affect the activation barrier to lipid migration, within the error of the measurement. The influence of the fatty acid chain length, however, is seen in the preexponential factor to the Arrhenius equation. The preexponential factor represents the number of successful collisions or in the case of lipid flip-flop, attempted crossings, which lead to lipid inversion. Examination of Table 2 shows a stepwise five-orders-of-magnitude decrease in the preexponential factors among DMPC, DPPC, and DSPC. The strong correlation between the alkyl chain length and A, can be explained as a reduction in the transit time of crossing for the shorter lipids. This hypothesis is consistent with the calculated E a , in which the chemical environment of the lipid core is maintained; however, the effective width of the barrier to lipid crossing is decreased, leading to larger A values.
From a unimolecular reaction dynamics perspective, the limiting value for the preexponential factor should be ;10 10 to 10 15 s ÿ1 . The values measured here are clearly well beyond that described by a simple unimolecular process. It is important to note the large error in the calculated preexponential factors, which is a consequence of the limited temperature range over which accurate measurements can be obtained as well as the scatter in the measured rates. However, the observation of non-Arrhenius behavior, as suggested by the large preexponential factors, is not uncommon. Similar activation energies and preexponential factors have been measured for the dissociation of proteins and protein-ligand complexes in the gas phase, which has been attributed to the softening of a large number of librational modes during the course of the reaction (78) . It is also possible that the change in heat capacity near the transition state of the lipids may be convolved with the thermodynamics of lipid flip-flop, thereby altering the measured E a and A. The results of the Arrhenius analysis suggest that although a linear relationship exists between ln(k) and 1/T, these results can only be used to provide an effective activation energy over the temperature range examined.
The activation energy and preexponential factors calculated for DMPC, DPPC, and DSPC are also considerably higher than those previously determined by McConnell, who measured an activation energy of ;81 kJ/mol for TEMPO-DPPC in an egg PC matrix with a frequency factor of 2.72 3 10 9 s ÿ1 (24) . A summation of the SFVS kinetic data for TEMPO-DPPC can be seen in the Arrhenius plot of Fig. 6 . The scatter in the data is a consequence of the much lower signal/noise which is a consequence of the low concentration of CH 3 groups in the bilayer. For the TEMPO experiments, there are only ;5% CH 3 groups in the bilayer, which represents an order-of-magnitude decrease in the measured response compared to DPPC. An activation energy of 79 6 42 kJ/mol and a preexponential factor of 2.3 3 10 8 s ÿ1
were calculated. These results compare favorably with those previously measured by McConnell. However, care must be taken in making too strong a correlation between the FIGURE 5 Arrhenius plot for DMPC/DMPC-d 67 , DPPC/DPPC-d 75 , and DSPC/DSPC-d 83 using the data in Table 1 . previous ESR data and the SFVS results presented here, because of the large errors in the measured kinetic rates from both experiments. One possible reason for the lower E a and A measured for TEMPO-DPPC versus DPPC may lie in the fact that there is a low concentration of the lipid probe in the membrane. If lipid flip-flop involves a concerted motion of the lipids in the membrane, as suggested by the SFVS data for DMPC, DPPC, and DSPC, the absence of lipid-lipid correlation may account for the reduced rate and lower E a and A. It is also possible that the more hydrophobic character of the TEMPO-labeled headgroup also facilitates the transfer of the lipid through the membrane.
CONCLUSIONS
The ÿ5 s ÿ1 , at 5°C below the main phase transition temperature of the lipids. The rate of translocation was too fast to measure near or above the main phase-transition temperature of the lipids studied. These results have important implications for understanding the transbilayer movement of lipids in biological membranes. Cellular membranes are composed of a vast array of lipid species with a broad range of transition temperatures. Based on our preliminary findings, the migration of certain lipid species in living cells could be quite facile under physiological conditions in the absence of a protein-mediated process. The kinetics of lipid flip-flop exhibited Arrhenius behavior with a calculated activation energy of ;220 kJ/mol for DMPC, DPPC, and DSPC. A large variation was seen in the preexponential factor which varied stepwise by five orders of magnitude among DMPC, DPPC, and DSPC, and accounts for the wide spread in kinetic rates measured for this series of lipids. The preexponential factors measured were considerably higher than those typically encountered for a unimolecular reaction, suggesting non-Arrhenius behavior.
In addition to the kinetics of the native lipid species, the influence of lipid labeling was also examined. The addition of the TEMPO label to DPPC significantly altered its measured rate, reducing it by an order of magnitude compared to DPPC. The activation energy and preexponential factor measured for TEMPO-DPPC were found to be comparable to that previously measured by ESR, but considerably lower than DPPC. These experiments demonstrate the effect lipid labeling can have on the measured rate of lipid migration. The chemical and structural modifications of the lipids can have dramatic effects on the thermodynamics and kinetics of lipid translocation in model membrane systems. These studies are being extended to examine the effect of lipid composition, as well as the influence of proteins and cholesterol on lipid flip-flop.
